This paper describes a skill assist method for sinusoidal motions using a semi-active assist mechanism through an energy control method. In a previous study, we had developed and verified the effectiveness of a power assist device with a semi-active assist mechanism and a control method for reducing loads during periodic motion. Here, we have developed a skill assist method as an extension of our power assist device for periodic motion. The skill of performing sinusoidal motions is defined in this study as an operator's ability to track such motions. Therefore, our skill assist method attempts to improve the operator's tracking ability. The proposed skill assist method is implemented using our previous power assist device; therefore, the device provides not only a power assist effect but also a skill assist effect to correct the motion. Hence, an operator obtains both the power and the skill assist effects simultaneously.
Background
We have developed semi-active assist mechanisms to facilitate power assist and motion correction [1, 2] . The semi-active assist mechanisms use elastic materials as the source of the assist force and as actuators for controlling the elastic force. Elastic materials such as springs retain equilibrium because their material generates a restoring force towards the natural length. This characteristic is effective in assisting movement that requires a restoration of posture, such as bending and stretching of the human limbs [3] . Moreover, the actuator of a semi-active assist mechanism can control the restoring force by adjusting its equilibrium point.
The semi-active assist mechanism consists of elastic materials and actuators, and therefore, it is a series of elastic actuators. This series of elastic actuators can use the energy of the actuators efficiently by utilizing the elastic materials for energy storage. Uemura et al. [4] suggested an assist mechanism for sinusoidal motion that uses the stiffness control of an elastic material in a such way that the mechanism's actuator resonates with the operator's sinusoidal motions. Moreover, they stated that "in power assisting, it is important that cooperation exists among human, mechanical elastic elements, and actuators from the viewpoint of energy efficiency. " Walsh et al. [5] also developed a highly energy efficient device that utilizes elastic materials to assist in human ankle extension using the energy stored when the knee is in flexion.
In this paper, we propose a new assist method for a semi-active assist mechanism by employing the concept of "skill assist" that is defined as motion correction or motion induction. "Skill" is defined as tracking ability in this study. We realize such motion assistance by impedance control of the man-machine systems. There are some studies pertaining to the adjustment of impedance in man-machine systems, such as self-impedance matching (SIM) [6] , impedance training [7] , and subliminal calibration [8] . SIM is an adaptive algorithm to improve the maneuverability of man-machine systems by estimation of their optimal impedance parameters. Its effectiveness in energy consumption has been confirmed by experiments. Impedance training is a method of training the human hand to adjust its impedance, for rehabilitation purposes. This training needs to measure many parameters for determining the impedance of the human body, such as electromyogram (EMG), forces, and posture. Subliminal calibration allows for an impedance change in the man-machine system without the user's notice. It has two characteristics: the operator keeps the control initiative, and it does not disturb the operator learning the motion. These studies have realized impedance adjustment and have confirmed its effectiveness. However, they have not improved and corrected the motion because they have focused on controlling the maneuverability only.
Therefore, we aim to realize motion correction by using the phase difference between the forces as a method of controlling the impedance of the man-machine systems, limiting the target to periodic motion only. In periodic motion, impedance control is equivalent to motion control; moreover, many motions in daily life and work are periodic, such as walking and repeatable tasks.
Specifically, we have defined the phase difference between the operator's force and the actuator's force, and the phase difference generates the induction force automatically. The force transducing characteristic of the semi-active assist mechanism can realize such control.
In previous studies, we had developed wearable semiactive assist devices and had optimized its controls for various forms of target work. Its effectiveness pertaining to work with a bending motion that requires a restoring force, such as agricultural work [9] , snow removal [10] , and horse training [2] , was also confirmed. This falls under the concept of KEIROKA (fatigue reduction) assist that we had proposed as part of a Japan Science and Technology Agency project [11] . Through these studies, we had confirmed that there were many periodic motions in those tasks. Therefore, developing an assist method for periodic tasks is beneficial and the method we have developed has the ability to assist walking, running, and other daily tasks.
Methods
Energy control for power assist and skill assist Semi-active assist mechanism Figure 1 displays the photograph and the schematic of our semi-active assist mechanism. We have used the simplest version of our semi-active assist mechanism in this study, namely, a serially concatenated system consisting of an actuator, a spring, and a handle. The user grasps the handle, and the force from the actuator is transferred to this handle via the spring. The combined user and actuator forces provide a driving force to a slider. The relation between the slider driving force F, the user's force F h , and the assist force F s generated by the semi-active assist mechanism can be expressed as follows:
Here, k is the spring constant, x 1 is the handle position, x 2 is the actuator position controlled by actuator, l 0 is the natural length of the spring, and l g is the elongation of the spring by gravity. l g is calculated as l g = −mg/k, where m is the total mass of the handle and the weight and g is the gravitational constant. F D is the friction of the handle, however we have considered c = 0 for easy analysis. If we need to consider friction, our control method described later, that cancels the term can be used. Because the frictional and dissipative forces are sufficiently small, we can ignore them in our analysis. We thus restrict ourselves to considering an ideal system.
To realize a power assist, the device must decrease the operator's force F h by appropriately controlling F s according to Eq. (1). We can control the assist force by adjusting x 2 , and if F s is synchronized with F h , then the user's force is decreased by the provision of a power assist.
Conversely, if F s = 0 then F = F h . However, F s can also be applied to alter the user's motion. Namely, the assist force can adjust the impedance of the man-machine system, especially in a periodic motion. If the user cannot perform a desired motion, we can correct the user's motion by adding an appropriate F s to provide a skill assist.
Therefore, not only power assist but also skill assist can also be provided by using the elastic material as a power source. The elastic element constrains motion only if it is infinitely stiff; otherwise it does not constrain motion at all, but provides forces that influence motion.
(1) 
Concept of skill assisting during power assisting
Generally, applying power assist destabilizes the system. Kazerooni [12] pointed out the trade-off between stability and performance in power assist systems. Low stability, in particular, worsens maneuverability in human-machine systems.
Our proposed method realizes a balance between performance and maneuverability, as the power assist and the skill assist respectively, considering the energy of the system. First, we consider the power and skill assist effects with respect to energy. Energy control is used in the trajectory planning of bipedal robots [13, 14] and here the periodic movements can be similarly controlled, considering the energy state. The motions of the handle and actuator are assumed to be where x 10 and x 20 are the initial positions of the handle and the actuator respectively, x 1 and x 2 are the respective changes in the amplitude of the handle and the actuator, ω is the angular velocity, and ϕ is the phase difference between the assist and the user forces. Here, x 10 and x 1 are measured by some position sensor because it is an input to control system. In this study, it is measured by magnetic-type absolute position sensor. On the other hand, x 20 and x 2 are parameters to design the assist effect because it is related to the magnitude of assist force. In this study, we treated them as constant values Eq. (6) indicates that the static positions x 10 and x 20 balance at the position of balance between the gravitational force mg, the operator's force F h , and the assist force F s . Therefore, the system under consideration assists a part of the load using the gravitational force.
Next, we consider changes according to the phase difference ϕ. We can then describe the assist force as Hence, we can control the phase difference, ψ, between the handle driving force and the assist force, by controlling ϕ. In addition, we can design the system such that ϕ takes a value prescribed by the desired value of ψ:
We now consider the power assist and skill assist effects. The operator's force is F h =F h sin(ωt) and the assist force is given by Eq. (7). Then, the power assist ratio η is as follows,
To reduce F h , cos ψ must be large, or ψ should be zero for the power assist, because the power assist effect is disturbed by the increase in phase difference. This effect has already been confirmed and analyzed in detail in our previous study [15] .
On the other hand, we can calculate the assist energy as the work done by the assist force in changing the handle's position over a period:
Here, the operator �·� denotes the periodic average with respect to the period T. The skill assist effect is thus described by this equation, because it represents the energy that is used to change the operator's motion. The effect of changing the motion owing to the work done by the phase difference was also analyzed as the impedance adjustment effect in our previous study [16] .
Finally, we can summarize the power assist effect described by cos ψ and the skill assist effect described by sin ψ through the phase difference ψ, as shown in Fig. 2 . Specifically, for the phase difference ψ, the power assist effect-Eq. (10) is changed by cos ψ, and the skill assist effect-Eq. (11) is changed by sin ψ. In this paper, we do not discuss the direction of the radius, in order to consider the effect of the phase only. Further, the axis of the skill assist effect indicates both motion excitation (0 < ψ < π/2) and motion inhibition (−π/2 < ψ < 0). Therefore, the skill assistance effect increases with sin ψ . In the ψ > π/2 and ψ < −π/2 regions, the effect can be understood as a motion disturbance through Eqs. (10) and (11) . When ψ = 0, the controller performs solely as a power assist. Note that the controller cannot perform only as a skill assist, because it is an extension of the power assist that uses ψ. Therefore, if the operator can perform a tracking task without skill assist, the controller automatically performs strictly as a power assist.
Energy control by periodic input control
Energy control for skill assist E s can be controlled through the amplitude of F s and ψ , where the assist energy is set to be positive (E s > 0) to induce motion, and the assist energy is set to be negative (E < 0) to inhibit motion:
Here, E is the energy required for a motion state change given by where E d is the desired energy state and E h is the operator's current energy state. E D is the dispersion energy owing to friction. If c � = 0 in Eq. (3), then the friction effect can be cancelled. Here, E d and E h are calculated by following equations as the energy of the harmonic oscillator because we assume the target is the periodical motion.
M and K are imaginary inertia and stiffness satisfying ω = √ K /M· x 1 d is the desired value of the human's motion and x 1 is the measured human's motion. r E is the ratio between the energy required for a motion state change and the available energy of the assist system:
From Eq. (12), we can obtain the ψ value automatically determined by E. To correct the operator's motion, we apply this value of ψ as the phase difference of the periodic input control. Thus, we can generate the appropriate assist force for motion correction. We refer to this method as the skill assist control.
When r E > 1, however, the assist system cannot supply the total energy required for the motion state change; therefore, |E s | supplies only a portion of the energy. Hence, as described above, the control method can move the motion state closer to the desired state by using ψ.
Synchronization of sinusoidal motion using a hybrid oscillator
To employ energy control, the assist force must be synchronized with the operator's force possessing an arbitrary phase difference. Therefore, we apply the periodic input control to our system by utilizing a hybrid oscillator.
Periodic input control is a control method that can synchronize an input and an output with an arbitrary phase difference.
The method stabilizes the periodic dynamics in a limit cycle that has the desired energy state by adding an appropriate assist force [17] [18] [19] . The inclusion of this assist force is accomplished through frequency entrainment such as that of a Van der Pol oscillator, as described by a nonlinear equation. In this study, we use a hybrid oscillator that evolves in time according to the following nonlinear equation:
Here, ξ is the displacement of an imaginary oscillator, the dots denote differentiation with respect to time, γ is a negative constant, and ε, δ, and are the positive constants. The trajectories of this oscillator are a good approximation to those of the human limb movements [20] . Thus, we use this oscillator to synchronize the actuator and the operator motions naturally. In the next section, we analyze the oscillator's frequency entrainment properties.
Frequency entrainment of the hybrid oscillator
The characteristics of the van der Pol oscillator have been analyzed by many researchers. For example [21, 22] , derived its conditions of frequency entrainment by the averaging method. The averaging method is one of the perturbation methods. Here, we have confirmed that the hybrid oscillator also has same conditions, by using the averaging method. Equation (18) can synchronize the solution ξ to the sinusoidal input u by the frequency entrainment phenomena. Next, under the input condition u = αe iωt , we assume that the solution of the above differential equation can be expressed as where a(t) and φ(t) are unknown functions that change slowly. Then, the differential equation can be rewritten by using Eq. (19) and its derivative:
Here, the second and higher-order terms are ignored because ε, ȧ, and φ are considered insignificant. From the real and the imaginary parts of Eq. (20), we finally get the following equations:
When ȧ =φ = 0, the frequency entrainment is described and the conditions leading to this solution are Equation (23) determines the amplitude of the periodic solution as a function of α and ω, and Eq. (24) is the condition such that φ = 0.
Periodic input control
In the previous section, we established that the hybrid oscillator can synchronize the input and output of our system. Under the condition of Eq. (24), if u and ξ are given by simple sinusoidal motions u = α sin ωt and ξ = a sin ωt, we can obtain the synchronized output x pic with a phase difference of ϕ(ψ), by using ξ and its differential solution ξ as shown below:
Here, K s is a control gain, and K AG1 , and K AG2 are automatic gains to normalize ξ and ξ . Specifically, both the
(25)
amplitudes become 1.0 by using the maximum value over the last half-period. ψ in Eq. (25) is given by Eq. (12), and is utilized in the skill assist control. Therefore, we can realize power assist and skill assist simultaneously by using this periodic input control. Figure 3 shows the controller performance. These results were obtained by a simulation under the condition ψ = 0 and an ideal input which has constant frequencies. The frequencies of the input are 1.0 Hz during 0-5 s, 1.2 Hz during 5-10 s, and 0.7 Hz during 10-15 s. We confirmed the ability of the frequency entrainment of the developed controller. According to the results, the controller can synchronize x 2 -x 1 by adapting to the frequency change in the input. Our controller can perform without phase delay, adapting the frequency automatically to the change in the input frequency, because of frequency entrainment by the controller.
Experiment on the developed skill assist

Experimental set-up and conditions
Next, we investigate the effects of the power assist and the skill assist through a visual tracking experiment by controlling the phase difference of the synchronized assist force. The effect of controller is already analyzed and confirmed by simulation with ideal input in our previous study [16] . We have confirmed that the control method can control operator's movement by adjusting the phase difference of assist force. Therefore, the assist system should be able to improve the motion of subjects in this experiment. Figure 4 shows an overview of the experiment. Here, in order to validate the motions of subjects, we controlled the experimental conditions as much as possible. For example, the standing position and the posture of grasping handle were decided strictly like Fig. 1 . The handle's height is measured by a position sensor. The operator moves the handle (the bar in Fig. 4) to follow a tracking target (the circle in Fig. 4 ) that is displayed on a monitor. In this experiment, the target is a periodic motion; thus, if the operator becomes accustomed to the experiment, they may fall into a natural rhythmic motion instead of visually tracking the target. To investigate the effect of visual tracking only, we use frequency modulation to prevent motion prediction. The operator performs the tracking task watching the target x 1d and the handle position x 1 . In this study, the graph plotting of the motion history is not displayed to the operator, to prevent predicting the next motion. Furthermore, in order to observe the motion correction effect clearly, we decided that the trial time and the resting time are 30 and 60 s, respectively, because we confirmed that the repeated trials with over 30 s trial time provide a large fatigue to the subjects and such fatigues might affect the result of the skill by preliminary experiments.
The visual tracking experiment was conducted using an apparatus incorporating the semi-active assist mechanism (Fig. 1) . The experimental conditions were as follows: The desired motion, x 1d , is presented to the operator on the monitor. This motion is periodic and oscillates with an angular velocity ω. The operator moves the position of the handle, x 1 , to track the desired motion. The actuator's position,x 2 , is synchronized with the operator's motion by means of a periodic input control. Moreover, the actuator has a phase difference ψ for skill assist control. The three ideal positions are thus described as where x 1d0 and x 1d are the initial position and change in amplitude of the desired motion, respectively. In this experiment, we adjust the actuator's angular velocity to prevent habituation to simple oscillation. The frequency change, denoted by ω s , is obtained by adding �ω to the desired position's angular velocity ω c through frequency modulation:
This equation is equivalent to Eq. (26) if we set ω = ω c + �ωcos(ω s t). In this experiment, ω c and �ω are set to 1.0 and 0.5 Hz, respectively. Therefore, the frequency continuously varies between 0.5 and 1.5 Hz. The experimental conditions are configured as shown in Tables 1 and 2 . The experiments have four conditions. The first experiment is "no assistance, without weight. " To measure the operators' basic ability, this condition is without a weight on the handle and without the spring. The second experiment is "no assistance, with weight. " The weight is attached in this condition. The next experiment is "power assist only. " This condition uses the power assist, without the skill assist (i.e., ψ = 0). The final condition is "power assist with skill assist. " This condition applies both the power assist and the skill assist (i.e., ψ = ψ(�E)).
Appropriate excitation and inhibition of the motion improves the operability of the motion correction. Here we investigate the effectiveness of the motion correction through energy control of the semi-active mechanism. Energy control is performed by adjusting the phase difference as the situation demands, through Eq. (12) .
Thus, to apply energy control to the actuator by periodic input control, the phase difference must always be equal to ψ(�E) (see Eq. (12)). To provide skill assist, the control supplies the required energy to move the energy towards the desired state. In this experiment, using the system represented in the block diagram in Fig. 5 , the actuator control is made to depend upon the operator's motion.
Results of the skill assist experiment
We analyze the results of the experiments. In this analysis, we use only the latter half of the measured data for (26) x 1d = x 1d0 +x 1d sin(ωt), (27) x 1 = x 10 +x 1 sin(ωt), (28) analysis because the target of our controller is only steady-state of periodical motions. In the case of power assist only, the motion of the subjects was disturbed when the frequency was decelerated by frequency modulation. However, applying the skill assist improved the tracking errors. Figure 6 and Table 3 exhibit all the experimental results. We evaluated the effects of each assist method by examining the position error between the operator's handle and the desired value and the p value of its t test. The error e defined as the root mean square error (RMSE) is as follows:
From the results it can be inferred that, applying the skill assist method decreased e compared to all the other cases (including using the power assist method only) for all the subjects.
We statistically confirmed the effects using a t test. We defined an alternative hypothesis H 1 as "applying skill will decrease the tracking error than applying only the power assist, " and a corresponding null hypothesis H 0 as "applying skill assist does not result in a motion correction. " A type-I error might therefore mean rejecting H 0 despite the skill assist increasing the error, so evaluation of a type-I error is important for the safety of the operators. On the other hand, a type-II error would mean accepting H 0 despite the tracking error under the skill assist being smaller than the error under the power assist only. So a type-II error would result in a mistaken estimation of the effect, but this would not necessarily result in an untoward effect.
According to the results, the motions of the subjects A, D, and E were improved by a statistically significant amount. The results of a t test for subjects A-E were p = 0.012 (p < 0. β) is more than 0.8, then the statistical analysis has enough samples. Therefore, we confirmed the statistical power by the post-hoc power analysis [23] . The Table 2 Conditions for each case
Attaching weight
Applying power assist
Applying skill assist
Condition 3 ×
Condition 4
statistical powers for those tests were 86, 20, 8, 74 and 76%, respectively. The subject A is enough and the subjects D and E are almost enough statistical power for statistical analysis.
Next, we must verify that the power assist effects of our system are retained, because the skill assist method is an extension of the power assist method. Hence, the skill assist method should have a power assist effect related to Fig. 2 . The power assist effect is evaluated by measuring the operational force with a force gauge on the handle. The detailed analysis of the power assist effects will be discussed in another paper; here, we merely establish that the results of the skill assist method demonstrate a significant load reduction effect similar to the power assist method (Figs. 6, 7) . The force data shown in Fig. 7 was measured in the experiment. We confirmed that the tracking error was reduced by applying phase control as a skill-assist. It can be discerned that our system also works simultaneously as a power assist system. In the experiment, the load reduction effect can be explained as the average phase difference tending to zero at all times. Under these circumstances, our skill assist method provides a local motion correction, and provides a load reduction equal to that given by the power assist method (i.e., ψ = 0) globally. If the average phase difference is not zero, then we find that the power assist effect is less for the extended method than for the power assist method. This possibility may exist in cases where continuously increasing energy is needed during motion acceleration.
Finally, standard deviations of the experimental phase differences are listed in Table 4 , and an example phase difference distribution is shown in Fig. 8 . The value of the phase difference during periodic input control corresponds to the level of disturbance in the operator's motions. Thus, we can also use the standard deviation of the phase difference to evaluate the operator's skill quantitatively. If the operator can perform the tracking task perfectly (with e = 0), then the phase difference is zero at all times and the assist effect is the same as that when applying power assist only. The standard deviations of the phase differences were reduced by applying the skill assist for all subjects (Table 4) . Further, subject C, who was evaluated as having poor skill in Section IV.B, also had a high standard deviation.
Discussion
By examining the results for each subject in detail, we see that a skill assist effect is clearly manifested for subject A because application of the skill assist decreased e compared to the other three cases. The value of e is almost the same for all cases. The mean of e for subject B was decreased by the skill assist, but the decrease was not statistically significant. Comparing this outcome with the results from subject A, we can see that subject B already has sufficient ability to perform the task and is able to perform the required motion. Subject B therefore does not need a skill assist to accomplish the task. The mean of e for subject C is also not statistically significant. Moreover, e was particularly insignificant for subject C in the no assist case with a weight, as compared to the case without a weight; the weight enables the subject to slow down the motion and determine the handle position. In the case where only the power assist is applied, the motion is disturbed by the force from the assist device. The skill assist effect is significant for subject D. Subject E also clearly shows the effect. The motions of subjects D and E were disturbed by the assist device when applying the power assist alone, but were improved by simultaneously applying the skill assist. In summary, we confirmed the applicable range of the developed system from the heterogeneity across subjects, especially our assist system has the ability to correct the operator's motion when the skill becomes worse by applying power assist.
We also investigated the total effect for all the subjects collectively, to confirm some system-wide characteristics, irrespective of the differences between the subjects. To compare the errors between the subjects, the errors were normalized by the average error of the condition "no assist without weight. " Figure 6f depicts the normalized error that has been calculated using the data from all the subjects. The skill assist effect is significant at p = 0.008 (p < 0.01) with a statistical power of 83% . Therefore, we could confirm that this total analysis has enough meaning statistically. Hence, we conclude that the system we have developed improves the operators' motion, and at a minimum, does not increase the error.
Conclusion
We have proposed a skill assist method by using a semiactive assist mechanism through energy control. This method was realized using the phase difference that is a parameter of the control system (Fig. 2) , and has enabled us to employ our previously developed semi-active assist device.
We have considered details of the skill assist effect based upon the phase difference resulting from periodic input control. According to experimental results, the motion correction effect of the proposed method is validated because the average tracking error has decreased by 16.1% at the 5% significance level. We have also established from Fig. 6 that the power assist effect of the extended method remains high. The effectiveness of the proposed method is similar to the case in which only the power assist is applied, namely, the phase difference is approximately zero. We have concluded that the reason for this result was that the distribution of changes in the phase difference was around zero, in the experiment.
We have applied our skill assist method to the semiactive assist mechanism in this study, but it can be applied to any force-control system having a periodic motion. Therefore, our method can be applied to any area with periodic systems.
In future, we will develop a system that has the ability to control the assist ratio by designing x 20 and x 2 , extending the skill assist to more complex periodic motions, for practical applications such as assistance for walking. Moreover, because the semi-active assist mechanism is implemented using elastic materials, the risk of harm to the human body in the case of erroneous operation of the system is lower than that for other assist systems that do not incorporate an SEA mechanism. In the design of human-robot systems such as the one proposed here, human safety is of paramount importance [24, 25] , and assistive robot systems must have the autonomy to ensure the safety of the humans operating them. Therefore, we will continue the pursuit for safer and more convenient autonomous systems that can be applied to real-world tasks.
